A study was done to test whether ovulatory follicles destined to form subfunctional corpora lutea differed from normal ovulatory follicles in steroidogenic function. Twenty-five ewes were treated with prostaglandin Fua on d 11 of the estrous cycle, then unilaterally ovariectomized before (n=13) or after (n=12) the surge of luteinizing hormone (LH) at the induced estrus to collect "control" follicles, which would have produced normal corpora lutea. In 15 ewes, the second ovary was removed 63 to 84 h later to collect "treated" follicles before (n=7) or after (n=8) the second expected surge of LH. Five ewes (control) were allowed to ovulate from the remaining ovary at first estrus and another five (treated) at the second estrus (3 to 4 d later). Treated ewes had lower serum progesterone than control ewes during the ensuing cycle (P<.05). Treated follicles contained less estradiol in the theca (4.4 -+ .6 vs 10.0 +-2.5 ng; P<.05), less androstenedione (.1 • .1 vs 1.0 -+ .2 ng) and estradiol (.5 +-.1 vs 2.9 -+ 2.2 ng) in the granulosa (P<.05) and less progesterone in the follicular fluid (.8 • .4 vs 3.3 +-.8 ng; P<.05) than control follicles, when removed before the surge of LH. Follicles removed after the surge of LH did not differ. In conclusion, ovulatory follicles with low steroidogenic function became corpora lutea that secreted lower-than-normal quantities of progesterone.
Introduction
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Received April 13, 1987 . Accepted July 24, 1987 3 to 4 d. Destruction of the largest follicles at estrus was followed by growth of follicles to a similar size approximately 84 h later (Coleman and Dailey, 1983) . After second and third successive sets of follicles were destroyed, a fourth set ovulated and formed corpora lutea that were either short-lived or secreted subnormal amounts of progesterone. In the present work, the general approach of Coleman and Dailey (1983) was used to determine 1) if, after a single removal of the largest follicles at estrus, other follicles developed by 3 to 4 d after surgery would form "subfunctional" corpora lutea and 2) if follicles that would have formed such corpora lutea differed in volumes of tissue and(or) contents of steroids from normal ovulatory follicles.
Materials and Methods
Animals and Design. Twenty-five crossbred ewes were checked for estrus twice daily with aid of vasectomized rams. On d 11 of the estrous cycle (d 0 = estrus), ewes were injected (im) with 25 mg prostaglandin F2~ (PGF). Beginning 20 h after injection, ewes were observed for estrus. At treatment with PGF, ewes were allotted to group 1 (n = 13) or 1595 J. Anim. Sci. 1987. 65:1595-1601 2 (n = 12). Ewes in group 1 were unilaterally ovariectomized 24 to 44 h after treatment. Thus ovariectomy was done before the surge of LH, which was predicted to occur 58 h after injection of PGF (Acritopoulou and Haresign, 1980; Deaver et al., 1986) . Ewes in group 2 were unilaterally ovariectomized after the onset of estrus, thus after the surge of LH (see results for mean times of surgery relative to the surge of LH). The largest follicle and any follicle with a diameter within 2 mm of the largest follicle were considered potentially ovulatory (Bherer et al., 1977) . The ovary bearing the largest follicle was removed via a mid-ventral incision, under sodium pentobarbital anesthesia. Follicles collected at this first laparotomy were designated "control" follicles. In ewes identified as potential bilateral ovulators, one ovary was selected at random to be removed and three points in the stroma around the largest follicles on the remaining ovary were marked with India ink. When more than one potentially ovulatory follicle was present on the removed ovary, one follicle was chosen at random for use in steroid assays and the remaining follicle was used for histological analysis. Sixty-three hours after unilateral ovariectomy, ewes in group i were relaparotomized, before their second surge of LH. Ewes identified as potential bilateral ovulators were examined to determine whether marked follicles had formed corpora lutea (control ewes, n=3). Remaining ewes, (n = 10) were either left intact and formed corpora lutea (treated ewes, n = 3) or had the remaining ovary removed at the second laparotomy for collection of follicles that were designated as "treated" (n = 7).
In group 2, ewes identified as potential bilateral ovulators were relaparotomized 74 h later to determine whether corpora lutea had formed (control ewes, n=2). Remaining ewes (n ---10) were relaparotomized at 74 h after unilateral ovariectomy, if estrus had been detected by that time, or at 84 h if estrus was not observed by 74 h, so that surgery should have occurred after onset of the second surge of LH. Ewes were either left intact and permitted to form corpora lutea (treated ewes, n --2) or had the remaining ovary removed at the second laparotomy for collection of "treated" follicles (n = 8).
Jugular blood (6 ml) was collected at 4-h intervals for 8 d, beginning 20 h after injection of PGF, held on ice and centrifuged within 2 h of collection. Serum was decanted and stored frozen until assayed for LH and follicle stimulating hormone (FSH). In ewes permitted to form corpora lutea, jugular blood samples were taken at daily intervals until they returned to estrus. Samples were centrifuged and decanted; serum was stored at -20 C until thawed for assay of progesterone.
Hormonal Assays. Follicles were dissected from the ovary, cleaned of extraneous tissue on ice and snap-frozen in liquid nitrogen. Follicles subsequently were separated into theca, granulosa and follicular fluid as described by Murd0ch et al. (1981) . Concentrations of progesterone, androstenedione, testosterone and estradio1-17/3 were determined in each component following chromatographic and radioimmunoassay procedures (Sopelak and Butcher, 1982; Keisler et al., 1985) . Minimum detectable concentrations of progesterone, androstenedione, testosterone and estradiol-17~ were 50, 5, .8 and .8 pg/ml, respectively. Recovery rates exceeded 90% for each of the four steroids, and assay blanks for each steroid were below minimal detectable concentrations. Inter-(n=6)and intra-assay (n=9) coefficients of variation (%), respectively, were 6 and 4 for estradiol-17/3, 6 and 3 for testosterone, 12 and 4 for androstenedione, and 11 and 5 for progesterone.
Concentrations of LH and FSH in serum were determined in duplicate by procedures of Fogwell et al. (1977) and Keisler et al. (1985) , respectively. Inter-and intra-assay coefficients of variation (%) were 13 (n = 6) and 12 (n = 12) for LH and 17 (n = 4) and 16 (n = 10) for FSH. Minimum detectable concentrations of LH and FSH were 125 and 100 pg/ml, respectively. Concentrations of progesterone in serum were determined in duplicate as described by Sheffel et al. (1982) . Minimum detectable concentrations were 50 pg/ml. Inter-and intra-assay coefficients of variation (%) were 5 (n = 3) and 6 (n = 4), respectively; recovery rates exceeded 9O%.
Histology. Histological analysis was performed on one of the two follicles collected from those ewes that were potentially unilateral double ovulators at each collection. Such follicles were collected in a block of ovarian tissue and included 10 control and 6 treated follicles in group 1 and 4 control and 4 treated follicles in group 2. Ovarian tissue was stored in neutral buffered formalin, embedded in paraffin, sliced at 5 ~m and stained with hematoxylin-eosin. The largest cross-sectional area of the follicle was used to calculate volumes of theca interna, granulosa and fluid. Thicknesses of the granulosa and theca interna were measured at six positions of each follicle and the average thickness was added to the radius of the antrum. This radius was used to calculate the volume of the follicle, excluding the theca externa. The Volumes of the antrum and the antrum plus granulosal tissue were then calculated; the latter was subtracted from the volume of the follicle to determine the volume of the theca interna. The residual volume was considered to represent the granulosa.
Statistical Analyses. Profiles of concentrations of progesterone in serum were compared using Statistical Analysis Systems (SAS) General Linear Models (GLM) procedures (SAS, 1985) . Data were analyzed as a split-plot design with treatment in the main-plot and day and day x treatment in the sub-plot (Gill and Hafs, 1971) . Profiles of mean concentrations of progesterone were generated from fitted prediction equations of the first-through third-order regressions of progesterone on time.
Time of removal of each follicle relative to the first or second surge of LH and means of these times were calculated to verify that follicles were collected prior to the surge of LH in group 1 and after the surge of LH in group 2. Effects of treatment within group on volumes of theca, granulosa and follicular fluid and on contents of estradiol, testosterone, androstenedione and progesterone in each component were tested using SAS-GLM procedures with time relative to the surge of LH as a eovariate (Snedecor and Cochran, 1980) .
Results

Validation of Design of Experiment.
Average intervals from injection of PGF to onset of the first and second surges of LH were 51 -+ 3 and 136 + 5 h, respectively. Peak LH did not differ between first (73.1 -+ 12.8 ng/ml) and second (58.1 +-15.0 ng/ml) surges. Concentrations of FSH in serum (data not shown) were elevated after removal of each ovary, and mean areas under the curve or profiles of FSH in serum did not differ between laparotomies or groups. In group 1, control follicles were removed an average of 10 + 2 h before the first surge of LH and treated follicles were removed 19 + 3 h before the second surge of LH. In group 2, control follicles were removed 15 + 4 h after onset of the first surge of LH and treated follicles were removed 20 + 5 h after onset of the second surge of LH. One ewe in group 1 failed to develop a subsequent large follicle (>4 mm) and one ewe in group 2 ovulated prior to the second laparotomy; these animals were excluded.
Mean follicular diameters did not differ between control and treated follicles or between groups 1 and 2 (overall mean = 7.2 +.33 ram). More than one ovulatory follicle was present in 21 of 23 ewes at the first laparotomy and in 12 of 18 ewes at the second laparotomy. Two of the ewes identified as potential bilateral ovulators (one in group 1 and one in group 2) not only ovulated after unilateral ovariectomy but also showed second surges of LH (76 h and 74 h after unilateral ovariectomy, respectively).
Serum Progesterone Profiles. Patterns of
concentrations of progesterone for ewes allowed to form a corpus luteum from the follicle observed at first laparotomy (control, n=5) differed (P<.05) from those for ewes allowed to form a corpus luteum after removal of that follicle (treated, n=5). Duration of secretion of progesterone did not differ. Data for steroid contents of each follicular component are presented in table 1. Mean contents of estradiol were lower (P<.05) in theca and granulosa and tended to be lower in follicular fluid (P<.I) from treated follicles than from control follicles obtained before the surge of LH (group 1). Contents of androstenedione were lower only in the granulosa and contents of progesterone were lower only in the follicular fluid of treated compared with control follicles obtained from ewes in group 1 (P<.05). Finally, testosterone tended to be lower in follicular fluid from treated compared with control follicles in these ewes (P<.I). No differences between treated and control follicles in contents of estradiol, androstenedione, testosterone or progesterone were observed for follicles removed after the surge of LH 9 (group 2; table 1). Overall, total progesterone content tended to be greater (P<.I) in follicles removed after the surge of LH than in follicles removed prior to the LH surge. Estrogen-toandrogen and estrogen-to-progesterone ratios in tissue and follicular fluid did not differ between treated and control follicles in either group (table 2) .
Follicles that developed by 4 d after removal .~ of ovulatory follicles formed corpora lutea that 9 ~ secreted less progesterone than corpora lutea ~ formed at estrus. This result is similar to that seen by Coleman and Dailey (1983) after <~ removal of three consecutive sets of ovulatory ~ follicles at 4-d intervals. Suppressed steroido-Z genic function could not be explained by a ~ o reduction in volumes of follicular tissues, by ~ inadequate progesterone priming (Coleman and ~ Dailey, 1983) , or by abnormal preovulatory ~ > concentrations of LH or FSH in serum. The ~, decrease in steroidogenic function of treated ~ compared with control follicles collected before ~ the surge of LH indicates that treated follicles ~ had not attained complete steroidogenic t-< capability or had been salvaged during early z atresia.
~ <Z The follicular endocrine environment just ~ prior to the surge of LH is important to luteal m ~ function (McNatty, 1979; McNeilly et al., ~ 1981; McLeod and Haresign, 1984) . Estradiol 0 and FSH were necessary for production of LH ~ ~, receptors before luteinization of granulosal cells O.. 0, (McNatty, 1979; Richards, 1980) , and numbers ~ of thecal and granulosal receptors for LH were "~, i gr~ related to subsequent function of the corpora ,~ lutea (Richards and Midgley, 1976; McNatty, m 1979) . Specifically, estradiol increased LH ~< receptors on granulosal cells (Kessel et al., 1985) influenced gonadotropin-induced formation of progestogens (Welsh et al., 1983) . LH, which increased as ovulation approached, influenced the production of thecal androgens (Baird, 1977 (Baird, , 1978 . In the present study, the dramatic reduction in estradiol associated with decreased androstenedione available in the granulosa indicated that treated follicles, and possibly the subfunctional corpora lutea formed from them, may have been deficient in LH receptors (McNatty et al., 1984 McNeilly et al. (1981) reported that subnormal corpora lutea in anestrous ewes had normal numbers of LH receptors. McNatty and Sawers (1975) reported that premature exposure to LH inhibited the potential of granulosal cells to secrete steroids and to undergo mitosis in vitro. The first surge of LH might have been expected to desensitize or down-regulate some receptors for LH in treated follicles. LH-induced desensitization occurred primarily in follicles undergoing luteinization (Bockaert et al., 1976) . There was no elevation of progesterone in treated follicles as observed in luteinizing follicles by . In fact, progesterone was reduced in fluid from treated follicles.
The consideration remains that defective corpora lutea formed from follicles which otherwise would have undergone atresia. Carson et al. (1979) showed that numbers of binding sites for FSH and LH in granulosal cells were reduced in follicles classified as atretic. If one evaluates follicles as atretic or non-atretic by estrogen to progesterone ratios, follicles in this study were not atretic, but perhaps were premature in their state of development. Although treated follicles were removed an average of 9 h earlier in relation to the LH surge than control follicles in group 1, time relative to the LH surge was considered in the analysis of covariance, so lower function should not be merely an effect of time. The wide variability in these ratios illustrates their imprecision as criteria of atresia, as well as the lack of normal distribution of ratios.
On the other hand, premature ovulation of follicles has been suggested as the cause of lowered function of corpora lutea formed from follicles injected with FSH or LH or d 15 of the ovine cycle . Similarly, some ewes induced to superovulate by injections of anterior pituitary extract on d 11 through 14 and human chorionic gonadotropin on d 16 exhibited short interovulatory intervals (Stormshak et al., 1963) . In both of those studies, ewes failed to show estrus, so progesterone may have remained high enough to maintain sufficient continued uterine secretion of PGF2a (Vincent and Inskeep, 1986 ) from the previous cycle to interfere with luteal function. However, progesterone had been low for approximately 125 h in the present study, and most ewes allowed to ovulate after removal of a follicle (treated ewes) did show estrus.
In conclusion, ovulatory follicles formed after removal of previous ovulatory follicles showed reduced steroidogenesis, as did subsequently-formed corpora lutea. Either factors affecting steroidogenesis in these follicles or suppressed concentrations of steroids per se may have influenced function of the corpora lu tea.
